The structural gene for the major outer membrane protein (MOMP) The major outer membrane protein (MOMP) of Chlamydia trachomatis constitutes over 60% of the total protein of the cell wall (5), and in recent years, investigations have evaluated the antigenic, structural, and functional properties of MOMP. Studies of the specificities of both polyvalent (7) and monoclonal (26) antibodies to MOMP define an antigenically complex protein that displays type-, subspecies-, and species-specific determinants. The importance of MOMP as surface antigen is underscored by its role as the immunodominant serotyping antigen (7, 28, 29) . Furthermore, neutralization of chlamydial infectivity through the use of monospecific (6) and certain monoclonal (9, 14) antibodies specific for MOMP is demonstrable in vitro.
The major outer membrane protein (MOMP) of Chlamydia trachomatis constitutes over 60% of the total protein of the cell wall (5) , and in recent years, investigations have evaluated the antigenic, structural, and functional properties of MOMP. Studies of the specificities of both polyvalent (7) and monoclonal (26) antibodies to MOMP define an antigenically complex protein that displays type-, subspecies-, and species-specific determinants. The importance of MOMP as surface antigen is underscored by its role as the immunodominant serotyping antigen (7, 28, 29) . Furthermore, neutralization of chlamydial infectivity through the use of monospecific (6) and certain monoclonal (9, 14) antibodies specific for MOMP is demonstrable in vitro.
The growth cycle of chlamydiae is represented by two alternating forms of the organism. The elementary body is the extracellular form, which has a rigid outer membrane, whereas the intracellular reticulate body (RB) has a fragile and plastic outer membrane. Although chlamydiae apparently lack a peptidoglycan (2), the structural rigidity of the outer membrane of elementary bodies is maintained by disulfide cross-linking of MOMP and other proteins in highmolecular-weight oligomers (10, 19) . The RB membrane is not extensively cross-linked, which is consistent with its fragile nature (10) . Recently, Bavoil and co-workers (3) presented evidence that MOMP forms pores which permit diffusion of solutes through the RB membrane. Unlike other porin molecules that have been described, the MOMP poreforming capabilities are activated or dramatically enhanced when disulfide bonds are reduced. Thus, the developmental control of porin function and the structural changes of outer membrane stability are both mediated by disulfide bond interactions.
The MOMP of C. trachomatis is remarkable for the multifunctional characteristics that are known to date: it displays molecular weight polymorphism (18) , it is a complex antigen with demonstrated propensities for diversity (26) , it participates in the differential structural integrity of the cell wall during the developmental cycle (10) , it forms * Corresponding author.
high-molecular-weight oligomers that resemble ordered surface array structures (19) , it mediates the permeability of the cell wall by porin-like capabilities (3), and anti-MOMP antibodies can neutralize infectivity (6, 9, 14) . Determination of the sequence of this functionally sophisticated protein will provide the basis for molecular, biological, and immunological investigations of the molecular mechanisms that mediate these unique functions. Knowledge of these mechanisms is not only important for our understanding of Chlamydia spp. but may have applications to other biological systems.
In this study, we have cloned and sequenced the complete MOMP gene for serovar L2, which provided information concerning the gene, as well as the amino acid sequence. Consistent with the nomenclature for other procaryote genes, we have designated this gene CTR omplL2. This designation incorporates the information that this is a C. trachomatis outer membrane protein gene for the principal protein for serovar L2-
MATERIALS AND METHODS
Bacterial strains. C. trachomatis L2/434/Bu has been previously described (13) , as has the bacteriophage Xgtll/L2/33 recombinant (25) . Bacteriophage X1059, its host Escherichia coli Q359 (12) , and the pUC plasmids and M13 phage systems have also been previously described (16) .
Construction of genomic libraries for C. trachomatis serovar L2. DNA from C. trachomatis L2/434/Bu was isolated as previously described (25) . Standard procedures were used for enzymatic reactions and for isolation of K phage DNA (15) . Chlamydial genomic DNA was digested with BamHI and ligated into A1059 DNA. The ligated DNA was packaged into phage with commercially prepared extracts (Amersham Corp., Arlington Heights, Ill.) and plated in E. coli Q359 for screening (12 (15) . Several plaques that produced strong signals were picked and reassayed until all plaques derived from a clone were uniformly reactive. DNA was isolated from the clones as previously described (15) . Restriction mapping of A1059 recombinants. Two clones, L2B9-E and L2B9-F, were mapped by endonuclease restriction analysis and Southern blotting by methods previously described (15) . The enzymes used included BamHI, EcoRI, ClaI, PstI, Sall, SphI, SstI, XbaI, and XhoI.
DNA sequencing. Overlapping endonuclease restriction fragments from the X1059 recombinant L2B9-F were gel purified and ligated into pUC18, M13mpl8, and M13mp19. The pUC18 recombinants were used for hybridization evaluations, and the M13 clones were sequenced by the dideoxy method as previously described (16, 23) . Typically, 200 to 300 nucleotides were obtained per reaction, and based upon these sequences, oligonucleotide primers were synthesized and used as substrates for continued sequencing. Oligonucleotide primers used for extended sequence determinations were synthesized by solid-phase phosphoramite chemistry methods as previously described (30) .
Northern analysis. RNA was isolated from C. trachomatis serovar L2 by five sequential extractions of purified RBs with hot phenol (65°C). The aqueous phase was extracted with chloroform, and the RNA was precipitated in 95% cold ethanol. Samples of RNA were suspended in water, electrophoresed in 1% formaldehyde gels, transferred to nitrocellulose, and probed as previously described (15) . The nitrocellulose transfers were probed (60°C) with a 32P-labeled XhoI-XhoI DNA fragment from the omplL2 gene. Molecular weights were estimated from DNA endonuclease restriction fragments homologous to the probe.
RESULTS
Localization of the omplL2 gene. We previously described a Xgtll recombinant (Agtll/L2/33) that expresses a Pgalactosidase fusion protein containing the carboxylterminal 15,000-molecular weight portion of MOMP from serovar L2. The chlamydial DNA insert from this clone, a 1.1-kiobase (kb) EcoRI fragment, hybridizes to a BamHI fragment of approximately 9 kb in Southern blots of chlamydial genomic DNA (25) . To clone this BamHI fragment, a genomic library of DNA obtained from serovar L2 was constructed in the X1059 cloning system, a system that readily accommodates large BamHI DNA inserts (12) . A 32P-labeled insert from Xgtll/L2/33 was used to probe X1059 recombinant phage that was plated directly on E. coli Q359 without amplification. Because there was no amplification step, each X1059 clone resulted from an independent event.
Approximately 2 x 104 PFU was probed, and 10 plaques that demonstrated strong signals were selected for evaluation.
DNA was prepared from the identified recombinants and cleaved with BamHI. Southern blots of these recombinants, probed with Xgtll/L2/33, revealed common fragments of approximately 9 kb, which were mapped with endonuclease restriction enzymes. Southern analysis also showed that the homolog to the Xgtll/L2/33 insert DNA mapped to the 5' end of the BamHI fragment. Thus, the mapping efforts were concentrated in this region, since this should contain the omplL2 structural gene and flanking sequences (Fig. 1 ). The map obtained by endonuclease restriction analysis was confirmed by constructing plasmid (pUC18) subclones of several fragments, and the predicted hybridizations between clones and to the Xgtll/L2/33 insert were observed (data not shown). We had previously reported the BamHI fragment identified in Southern blots of genomic DNA to be approximately 9.8 kb (25); however, the cloning of this fragment revealed its size to be closer to 9.2 kb.
Northern analysis. Northern transfers of RNA obtained from the RB developmental form of C. trachomatis demonstrated two distinct bands (Fig. 2) . The sizes of these RNA species were estimated to be approximately 1,550 and 1,400 base pairs (bp), respectively. The observation of two transcripts detected at a high stringency of hybridization suggests that the omplL2 gene has two promoters. The size of the open reading frame (ORF) (1,182 bp), in addition to the putative termination sequence (109 bp), accounts for approximately 1,300 bp of these transcripts. Consequently, the omplL2 promoters are located within 250 bp 5' proximal to the start codon.
DNA sequence. The 1.4-kb BamHI-EcoRI, 1.0-kb XhoIXhoI, and the distal (3') 1. Ile Ser 37  ATT CTA TGG GAA GGT TTC GGC GGA GAT CCT TGC GAT CCT TGC ACC ACT TGG TGT GAC GCT cloned into M13mpl8 and M13mpl9 and sequenced (Fig. 1) . Sequence discrepancies between complementary strands were resolved by preparing different primers and resequencing those regions. Although the entire 3.1-kb BamHI-EcoRI fragment was sequenced, there was only one long ORF, which encompassed and matched the sequence obtained from the Xgtll/L2/33 insert (25) . The ORF and approximately 100 bp of flanking sequence are shown in Fig. 3 . The ORF, beginning with a codon for methionine, consisted of 1,182 bp and was preceded by promoterlike sequences and a sequence compatible with a ribosome-binding site complementarity (24) . The Shine and Dalgarno complementarity (GAGGT) was located 4 bp upstream from the initiation codon (ATG), and this domain lacked high potential for secondary structure interactions (24) . The end of the ORF was punctuated by three virtually consecutive stop codons. Downstream (70 bp) from the proximal stop codon was an 11-bp dyad. Transcription of this 3' flanking sequence would allow a stable secondary stem and loop structure immediately adjacent to eight consecutive uridine bases, which is compatible with a strong rho-independent terminator (Fig. 4) .
Amino acid sequence. The omplL2 gene ORF was translated and, beginning at the initial methionine, encoded 394 amino acids (Fig. 3) . The amino terminus of the MOMP for this strain (L2I434/Bu) has been reported by Nano et al. (17) .
They determined the first 26 amino-terminal amino acids by Edman degradation of purified MOMP. The first 21 amino acids of their sequence matched the translated amino acid sequence at residues 23 through 44. The last five amino acids of their amino-terminal sequence did not match perfectly, but this discrepancy may have been caused by the two consecutive Asp-Pro-Cys repeats at that location and by the difficulty of determining cysteine residues by Edman degradation (Fig. 5) . Assuming translation of the omplL2 gene begins at the initial methionine, then omplL2 codes for a 22-amino-acid leader or signal sequence for translocation of the MOMP to the outer membrane. Thus, we designated the amino-terminal amino acid of the mature protein as residue 1 and the initial methionine as residue -22. The calculated molecular weight of the mature protein was 40,282, which compared favorably to estimates of 39,500 to 40,500 obtained by polyacrylamide gel electrophoresis (4, 18) .
The overall amino acid characteristics are shown in Table  1 . The L2 MOMP was a slightly acidic protein with 20% charged residues distributed homogeneously throughout the protein (Fig. 3) . Indeed, there were no long linear sequences of charged, polar, or hydrophobic residues. The greatest number of consecutive polar residues consisted of one group of seven residues followed by one group of six residues, with the remaining groups consisting of five or fewer polar residues. Likewise, in spite of 43% hydrophobicity, there was a notable lack of long stretches of hydrophobic sequences uninterrupted by a charged residue. Assuming the signal sequence was removed, the longest hydrophobic stretch was 16 residues.
The amino acid composition determined from the DNA sequence agreed with the molar amino acid composition reported by Bavoil et al. (3) . The only significant difference was that they suggested that MOMP contains three cysteine residues, whereas sequencing revealed nine cysteine resi- 24 (2) a Translated from the nucleotide sequence of the omplL2 gene.
b Numbers in parentheses indicate the amino acid composition of the leader peptide.
dues for the same strain of C. trachomatis (i.e., L2I434/Bu).
The distribution of the residues is shown in Fig. 6 . Although not all of these cysteine residues may participate in disulfide cross-linking, MOMP has the capacity in numbers and distribution to participate in both intra-and intermolecular bonds, as has been suggested by Hatch et al. (10) .
DISCUSSION
We previously proposed that it should be possible to clone the gene for MOMP from a -9-kb BamHI fragment obtained from chlamydial genomic DNA (25) . The Xgtll/L2/33 recombinant expresses the carboxyl-terminal end of MOMP (25) , and its DNA insert was used as a probe for the homologous BamHI fragment cloned in X1059. A X1059 recombinant that contained this BamHI fragment (L2B9-F) was mapped with endonuclease restriction enzymes and sequenced. The sequence revealed one long ORF beginning 1.3 (20) . In addition, the processing site was adjacent to the first amino acid of the mature protein.
The distributions of charged, polar, and hydrophobic residues were all Similar in that there were no long stretches of any of these groups. The even distribution of charged and polar residues resulted in the lack of a linear alpha helical hydrophobic segment long enough to span a membrane.
These MOMP characteristics, in addition to those reported by Bavoil et 
